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Ahstract
/29/

A theory of auxiliary discharge thermionic energy converters
is presented. Using this theory, it is possible to predict a converter's
current-vcitage characteristics as functions of auxiliary discharge
current, auxaliary discharge voltage, and geometry. It is also possible
topredictthe resistive voltage drop across the plasma as a function of
load current, Auxiliary discharge converter current-voltage charac-
teristics were measured with auxiliary discharge current and voltage
as parameters. These measurements are presented and compared with
theoretical predictions. Quantitative agreement between theory and
experiment has bee.: obtained so far. In particular, the relatively low
auxiliary discharge currents and low auxiliary discharge powers ob-
served in the experiments appear consistent with theory.
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I. Thecry of an Auxiliary Discharge
Thermionic Energy Converter

Desgcripiion of Device

The physical model of the auxiliary discharge energy converter
discussed in this paper consists of an emitter of area Ae facing a col-
iector of area Ac’ the two surfaces being parallel and separated by a
distance d of the order of a millimeter. In the mid-plane between these
electrodes there is a thin wire configuration which serves as an auxiliary
electron emitter. This system operates in an atmosphere of a noble gas
at a pressure p of the order of 1 Torr. The auxiliary electron emitter
is made negative by a potential Va’ with respect to the main electrodes.
WVith Va. slightly larger than the ionization potential of the noble gas, a
Langmuir mode discharge is created between the auxiliary emitter and
the uother electrodes. This auxiliary discharge economically provides
the positive ions required for the space-charge neutralization of the
load current flowing between the main electrodes. General discussion
of the ad\antages and of the optimum operating conditions (temperature)
for good eificiency of snch an auxiliary discharge thermionic energy

1,

converter c:n be found in prior publications. The purpose of this
paper is to present a more detaiied theoretical and experimental /
treatment of the gas discharge processes and plasma characteristics

of this type of device. Of particular significance will be the theoretica{
and experimental determination of the required auxiliary discharge
power, and of the plasma resistance or plasma potential drop.

A schematic »f the system coneidered is shown in Fig. 1, The
potential distributions of practical interest covrespond to space-charge-
limited operaticn of th¢ main emitter and are shown in Figs. 2 and 3.
Figures 2(a) and 3(a) cepict the potential in a plane perpendicular to
the main electrodes, wheve it is not perturbed by the auxiliary emitter.
Figures 2 (b) and 3(b) show the potential distribution in a similar plane

passing through an auxiliary emitting wire. It will be shown that the
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Fig. 1 Schematic of the auxiliary dis-
charge thermionic converter.
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transition from the potential distribution of Fig. 2 to that cf Fig, 3
occurs with increasing load curreut; the transition condition between
Fig. 2 and Fig. 3 (zero collector sheath) will be seen to correspond
approximately to the most favorable operating conditions of the con~-
verter. In order to determine the converter’s I-V (current-voltage)
characteristics as functions of auxiliary discharge current and of
geometry, it is necessary to determine the sheath potentiais as
functionsofthesge parameters. This will now be done by using the con-

ditions of conservation of electrons and of ions.

Theoretical Assumptions

The foellowing assumptions are made for the analyris given below:

1. Uniferm electron and ion density outside of sheaths (i.e.,

density independent of pasition in plazma),

2. Uniform electron temperature (i, e,, electren temperature

independent of position).

While it will be apparent from the equation of consg>vation of
energy that the assuraption of uniferm electron temperature 18 not
rigorously correct, this assumption still remains an acceptable approx.-
imation because the aciual electron temperature gradients will be xeen
to be relatively small, The assumption of uniform electron density also
is not rigoron .y correct. However, because ion generation is relatively
uniform throughout the plasma volume and because the ion sinks also
are relatively uniformly distributed (main eleccrodes, auxiliary emitter,
and gide of gap between main electrodes), the assumption of u. form
density is expected to be reasonably good.

Conservaticn of Electrons

Under the above approximations and with the potential distribution

shown in Fig, 2, the condition for the censervation of electrons becomes

QV‘ €V, :pt';i\
A, T, exp |- A+ A exp 'F‘T:' —‘T-/I , (1)



where

Ae F main emitter area

Ac = main cellector area

Jee = electron saturation current dznsity at main emitter
e ° main emitter sheath voltage {absolute value)
c = collector sheath voltage (absolute value)
€ = electronic charge
k = DBoltzmann constant

Te = eleciron temperature

n, = electron density in plasma

¥V = mean (thermal) electron velocity

€
The load current IL equals the electron current reaching the collector

and, for a Maxwellian electrcn velocity disiribution, is given by

eneve l' € Vc
IL = \— Ac exp L--k—-;r-: ’ (2)
the emitter saturation current is
IS = Ae Je‘ ’ (3)

and the plasma electron '"random' current density is

e B s B e B e T e I s B e D e T e T e B B T T T T S

€ n, 7(
| Tp, = ——% . (4)
¢
3 Thus eq. (1) can be rewritten in the simplified form
. € Ve“
Is exp "'R_T: = Ae JPe * IL ) (3)
;
¢

oy -
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From eqs. (1) and (2), it follows that

kTe }5 ,
Ve s\ ) M\ (o)
e Pe i

kT (AT
v, = <_.._..‘ ‘) 1n\-—f—-—°LP‘> . (7)

From eqs. {3) and (4), the cenditions under which the potential distri-

and

bution in Fig. 2 exists are seen to be defined by

I erJ + 1 (8)

and

IL < Al JPe . (9)

It will be seen later that the requirements (8) and (9) should usually
be satisfied for practical operating conditions, With egs. (6) and (7), it
ncw is possible to write the complete relation between the collector-
emitter voltage V and the load current IL' This voltage V is defined as
the electrostatic potential difference between the Fermi levels of the

collector and the eriitter with V < 0 for generator operation:

? N kT, <1Q A, Jp, >
v=(- 1. Ry - In | y— » (10)
c ¥ LTP T L A Tee * 1L
where RP is the plasma resistance. Equation (10) will be usad in the
evaluation of experimental results to deterriine the plasma resistance
Rp from the slope dV/dl and the current I of the I-V characteristic in
that part of the characteristic where the potential di -tribution of Fig. 2

applies, i.e,, where 2gs. {8) and (9) are satisfied.
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Conservation of lons

In eq. (10), which determines the I-V characteristic of an aux-
iliary discharge converter, the random electron plasma current density Jpe
still i an unknown, Therefore, to completely detcrmine the I-V
characteristic, an additional relation between J ¢ and the load current
is required. This relation will be supplied as a function of auxiliary
discharge parameters and geometry by the condition of conservation
of iors together with the condition for plasma neutrality,

The condition for conservation of ions states that the rate of

ion generation equals the rate of ion loss, The rate of ion generation is

dN Ia
2| - v<p pi1> 2, (11)
+

where
v = ratio of cress section for ionization to total inelastic
collision cross sectisn
p = gas pressure, Torr
Pi = ionization ''probability' (nermalized)
1 = effective length of electron trajectory for ionization, cm
Ia. = auxiliary discharge current, amperes.
For the potential distributiona in Fig. 2, the rate of ion loss is
given by
aN Sv . v, v, v, eV,
t _LnP8+Ac+ Aa+—4sAg+_§-'Ae exp -ET;: ’
loss on collector loss by diffusion through (12)
side of gap between col-
lector and main emitter \
loss on auxiiiary emitter loss on main emitter
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where
np £ positive ion density in plasma, outside of pre-sheaths
_‘;pc = ienmearn thermal velocity in vicinity of collector
T’pe = iommeaas thermal velocity in vicinity of emittar
;pg = ion mean thermal velocity in vicinity of side of gap
Tpe = ion teraperature in vicirity of main emitter
Ag = area of side of gap between collector and main emitter;

for disk-shaped emitter and collector of radius R and
separation d, Ag = 2w Rd.

Because of the planar geometry of main emitter and collector,
the ion drift toward these electredes is eslentiaily one dimensional; the
pre-sheath area, the sheath area, and the electrcde area are apprexi-
mately equal. Hence, with np being the ion density in the plasma out-
side of the pre-sheath, it is zppropriate to use the true mean thermnal
ion velocities in the plasma, as defined above, to express the rates of
ion loss at the collecter and at the main emitter in eq. (12).

At the auxiliary emitter, however, a cylindrical geometry and
converging ion drift motion exist, Therefore, if Aa, is the "effective!
auxiliary emitter area, defined as the area of the sheath around the
auxiliary emitter, the effect cf the electric fields of the pre-sheath on
the ion drift toward the auxiliary emitter has to be taken into account,
This can be done by defining -;pa as an ""effective' ion mean thermal
velocity corresponding to the electron temperature rather than to the
ion temperature.3 For this reascn, vpa and Aa are defined as follows,
for eq. (12) and ff,:

Vpa = "effective' ion mean thermal velocity at auxiliary emitter
sheath edge, equal to the iommeanthermal velocity corre-
sponding te the ele-tron temperature

Aa = "effective' auxiliary emitter area, equal to the sheath

area,

Expressing the condition of censervation ef ions by equating the
right members of eq. (11) and (12), taking Vpg Evpc’ substituting

T andv__ /¥

= = ) t
Voe/ Ve Tpe/Tpc pa’Vpe T, /T pc? and selving for 0, leads to

10
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where Tpc is the ion temperature “n vicinity of colleccor,

Equation (13) may be re-written in terms of the random plasma
electron currentIp = A J, = Al (e n, Vv, /4) available at the collector
sheath by using the condition for plasma neutrality n, =n,. Substituting

also vpc/vt = \[Tpc M /T, Mp leads from eq. {13) to

T
€
I VPPt [ gt
Pc " pc € (14)
1, Ay [Te A . A, eV
1+ 5B 4 fp— ¥ -T-P—' exp |- ge-
4e pc A pc A mpe‘l

with

T, M
I VPP11 T
Pc _ pc e -
1 A T, A, [T__A_[1. Ip. AN'¢/ pe
RS WLV A e sV A oy wll b sulll A el -y
c pc ¢ pc "¢ |8 L

(15)
Equations {10) and (15) constitute a set of two parametric equa-
tions with th and IPc = Ac Jp€ , respectively, as parameters; these

equations uniquely determine the relation between the converter voltage V

11
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and the load current IL (I-V characteristic) wher the conditions of
eqs. (8) and {9) are satisfied (potential distribution of Fig. 2). This
system ¢ two equaiions cculd be solved numerically by computer to
yield far. ilies >f complete I-V characteristics. Rather than doing
this, however, it is more useful to relate analytically the load current
IL to the auxiliary discharge current Ia for specific and characteristic
operating points on the I-V characteristic, choosing these points to

be of pracrical significance, This will be done in the next section,

Ontimum Load Current Versus Auxiliary Discharge Current

The optimum load current at which it is desirable tc operate
the type of converter discussed in this paper is approximately that
. * .
ccrresponding to zero collector sheath voltage., It is therefore of

interest to =valuate the load current I o corresponding to zero collector

L
sheath voltage as a function of auxiliary discharge current. The load

current ILo for zero collector sheath voltage is given by

ILo = Ac JPeo = IPo ! (16)
where o
JPeo = value of JPe for Vc = 0
IPo = value of IPc ior VC = 0.

By introducing eq. (16) into eq. (15), the following expression is found

for ILo:

i‘It will be shown farther on that making thr. collector positive with
respect to the plasma (potential distribution of Fig. 3) reduces the
rate of ion loss because of ion reflection at the collector sheath.
The penality paid for this advantage is however a loss of generator
voltage which tends to off-set the improvement of auxiliary dischdrge
efficiency gained by operating with =such a potential distribution.

12 -
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Because the point where Vc = 0 is not readily identified on an

experimental I-V characterisiic, eq. (17) is not particularly useful for
experimental verification of the present theory. Another equation re-
lating the load current to the auxiliary discharge current at an expe ri-
mentally identifiable point will the refore be derived later. Howeaver,
because ILo is in the vicinity of the optimum load current for maximum
efficiency, it is of interest te use eq, (17) for @ theoretical prediction
of the corresponding power tensumption of the auxiliary discharge.

As a numerical example for eq. {17), we specify the follewing
typical numerical values corresponding to operations with argon gas
at optimum pressure {about 2 Terr for a 1-mm spacing between main
emitter and collector):

v = 0.4 ] which means that the gas presaure is high enough

P Pi L =1 for practically all auxiliary discharge electrons to
to experience ene inelastic cellision before being
collected

A/A, = 0.05 forA = 20 cm? and AL =1 cm®

= _ 2
Ae/Ac = 0.5 forA = 10cm
A /A = 0.1
a'""c
T, = 2000°K
T = 750°K
pc °
= 1500°K
pe
Iy A, 2 ;2
— ° 1 + = 1,5 1 = I; = 270 for argon.
Le 1: Le 3 s .

13
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Under these conditions, which prevail at en auxiliary discharge voltage

of about 20 V in argon, eq. (15) yields

Lo (0.4)(270)(1.6) ___ _ gq .
T VZ

1 + 0.05 + 0.16+T

The corresponding auxiliary discharge power expenditure is

| ¥

I
a
Pa =1 Va = Va II_,o (T.——>
N o]
Normalized in terms of watts per ampere of load current,

P
a -
r—

o]

. 20

5 = 0.2W/A .

235

Thie figure, obtained for argon with realistic design parameters, is
acceptably low. It can be reduced further by a factor of about 2 by
substituting xenon for argon, because of the higher mass and lower

ionization potential of xenon.

Maximum Load Current Versus Auxiliary Discharge Current

A quantity readily identified on an experimental I-V character-

istic is the maximum load current I?ax

which can flow for a given
auxiliary discharge current Ia' In order to verify experimentally the
present theory, it is necessary te predict the theoretical value of Ilr?a’s/la
as a function of the saturation current Is available at the emitter and
to compare this theoretical prediction with measuremeuts,

As the converter voltage V is increased,* starting from open

circuit with the potential distribution of Fig. 2, the collector sheath

¥ . . . . . .
According to our sign conventions, increasing V may mean decreasing
absolute value of load voltage, because V < 0 for generator operation

(see Figs, 2 and 3),
14
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voltage decreases in absclute value, becomes zero, and changes sign

to result in a potential distribution of the type shown in Fig, 3, As the
collector becomes positive with respect to the plasma, ions from the
plasraa are reflected by the collector sheath. This tends to reduce the
rate of ion loss and, for constant auxiliary discharge current, thus
increases the plagma density, As the collector voltage is increased
further, the ion loss on the collector beqomes negligible and the plasma
density becomes maximum and independent cf further voltage increases,
This results in a family of I-V characteristics of the type shown in

Fig. 4. The maximum load current for a given auxiliary discharge
current corresponds to the maximum attainable plasma density because
the load current equals the total random plasma current available at

the collector as soon as the collecter potential exceeds the plasma
potential. Thus Ifa’x cecrresponds to negligible ion 1038 on the collector,
The rate of ion loss then is found by suppressing the first term in the
right member of eq. (12), The corresponding plasma density is found
by suppressing the term Ac in the denominator of the right member of

eq, (13). Since the maximum load current is equal under these condi-

tions to the random plasma current IPc' IIKI_‘lax is found by subsatituting
Ilr:!ax = IPc in eq. (15) and suppressing the first term of the denominatcr

of the right member of this same equation. This yields

P ¢

X v P, 1 [yt v
L = e " pc
Ta max Tc/Tpe .
;_g i Aa e Ae IL <1 Ae>
+ - +-\’TE- S +
c T-l')c KZ [ " pc I; s I:
(18)

This equation will be used in Section Il for comparison with
experimental results. It is of further interest to compare eqs, (17) and
(18) to determine in which part of an I-V characteristic the potential
distribution corresponds to Fig. 2 and in which part it corresponds to
Fig. 3. By definition of ILo (load current for zeroc collector sheath

15
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veltage), the potential distribution corresponds to Fig. 2 for IL < ILo

and to Fig. 3 for I, >1 Because Igax i& directly measurable, it

Le’

is of interest to axpress IL. a8 a function of Ifax From eqs. (17)
and (18),
T /7T
A A A [II“J“‘"( A ) /Tpe
€ a ] e e
+ + 1 + —
e | RV AR CVTEE TN R
S A T, A, - A, fILe A, T/ M pe
b g2 tqfr—x ¢ ‘T‘E'K'LT‘1+T
C pc ¢ pc e s c

(19)

This equation can be solved by numerical or graphical methods.

In the case where

and

an appreximate analytical solution is obtained by observing that
I, < I;mx and T_ > Tpe’ which makes

Lo
T /T
;9‘!"-13:?- (1 + Ae) AP
' i A
CL | ] C

Because \/ Tpe 7Tpc =< 2 in practical cases, eq. (19) then can be

simplified as follows:

17
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Equation (19) and /or (19a} will be useful in determining the

(i9a)

region in experimental I-V characteristics (i.e., IL = ILo) to which
eqs. (10) and (15) apply. This will be of particular interes* "~ Sectiou II
for the evaluatiqn of the plasma re siqtatl:/ce RP ‘rom experimental I-V
characteristicas,

Plasma Resistivity

There are two contributions to the plasma resistivity p: that
aris.ag from the electroneneutral collisions Peo? and that resulting

from the electron-ion collisiens Pep: Thus
P po t B (20)

In applications of practical interest and in the experiments
reported below, noble gases exhibiting the Ramsauer effect are used.
The electron-neutral mean free {aath then is relatively long and is
equal to or larger than th» emitter-collector cracing. For this reason,
the contribution of Peo is relatively unimportant and will be neglected
henceforth.,

The electron-ion mean ¥ree path however may be shorter than
the distance between emitter and collectur. The quantity Pep then can

be evaluated from Spitzer's equation?

< 6.53 x 103 InA
€p T3/2
€

flecm ,

18
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where In A = 6 (slowly varying function of n, and TE ). Hence

3
39x10
>~ = Q- ‘
-P pEp ?72—— cm (21,
€

Values derived from eq. (¢l) will be compared with experimental

vesults for the plasma resistivity.

Counservation of Energy and Electron Temperature

It is seen in eq. (21) that the electrcn temperature is of pre-~
dominant impertance in determining the plasmaa resistivity; it is also
of importance in determining sheath potentials and I-V characteristics
(see eq. (10)}. The electron temperature will therefore be evaluated.
To this end, the equation of conservation of energy is written for the
electrons in the plasma between emitter and ccllector sheaths., This
equation states that the electron energy flow into the plasma equals the
electron energy flow out of the plasma. The assumptions made in this
derivation are as follows:

1. Negligibie energy tranefer from electrons to ions or neutrals.

2. Near Maxwellian electron velocity distribution, character-
ized by a temperature Te(x)' which is a functicn of distance
x from the emitter sheath.

3. Negligible energy transfer between fast elecirons of the
auxiliary discharge and slow electrons from the main
etraitter,

Under these conditions, the power flow into the plasma between

x = 0and x = x is, for ths potential distributiou in Fig. 2,

P. =1 (Zk Te\ _— V(x) . (22)
in in ' € / L ’
where
in = the electron current injected into the plasma through
the emitter sheath

19
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T = the electron temperatare at the emitter sheath and is
equal to the emitter temperature

V{x) the Qifference in plasma potential between the edge of

Hi

the emitter sheath (plane x = 0) and the plane x = x at
which the electron temperature 'Ie(x) is evaluated; Vi{x)
ie the potential difference needed to mzintain the flow
of the load current IL through the plasma resistance

existing between the planes 0 and x,

The power flow out of the plasma is

2k T. ( 2k TE (x}
pout * lPe P + lJf.. € ¢

\

where I‘..’?e is the randoin piasma electron current returning from the

plasma to the emitter through the emitter sheath.

The equation of conservation of electrons states that

Equating these power flows, Pin and Pout‘ and eliminating Iin

by means of this last equation leads to

K Tl(x’ - k Te + Vgx! . (23)

8 €

20
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In particular, the electron temperature l'ec at the collector is

kT kT

v
€C _ e P
€ =t = (24)

~

Because the téemperature difference AT = T .-T, will be
seen to be smaller in general than Te’ it is legitimate to use for the
present considerations an average electron ternperature T€ defined by

(T _ +T 1Y) .

According to this definition and tc the above equations

€ VP
TE = Te+ (i-(-) -—4— . (25)

This value of Te Riven by eq. (25) can be introduced into eq. (21) to
obtain a first order approximation for the plasma resistance between
emitter and collector. It also can be introduced intc aq. (10) for a
first order evaluation of I-V characteristics and into eqs. (17} and {18)
for an evaluation of the relation between load current and auxiliary

discharge current.

*A more rigorous derivation would be obtained by defining T, as the
temperature of electrons drifting with an average velecity u, the
velocity distribution being Maxwellian in the frame of reference
moving at this velocity u, Defining uy and u, as the values of u at
the planes 0 and x, respectively, we vould then obtain instead of

eq. (23)
KT (x) xT . M
1. 3 Vix) - ?éi (uz - f) . (23a)

€ € x

The difference between eq. (23) and (23a) r~sults from the difference

in the definition of T, for the derivation of these two equations., For
the derivation of eq. (23), T¢ is an equivalen' :emperature representing
the total kinetic energy contained in both the random and the drift
motlon of the electrons, This definition, although somewhat artificial,
is more suitable to the present approximate theory than the more
rigorous definition leading to eq. (23a),
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II. Experimental Results

Meéasurements of L.oad Current Versus Auxiliary Discharge Current

The measure.nents reported here were performed with auxiliary
discharge corverter experimental tubes having Philips '"B" dispenser
emitters with arnt area of 1.3 cmz and molybdenum collectors of the same
area. The spacings between the main electrodes were set at 2 or 2.5 mm
for each of the several tubes investigated. The auxiliary electron emitter
was a 0.005-in¢h tungsten wire, with an area of approximately 0.12 cmz,
shaped somewhat like a sine wave; it was located in the central plane
between the electrodes. The tube atmosphere was argon tionization
potential 15.7 V) at a pressure of 0.8 Torr. The auxiliary discharge
voltage Va war kept fized at 20 V.

The data were taken from families of I -V characteristice, recorded
on film, obtaired with the circuit shown schematically in Fig. 5. All three
electrodes could be heated with 60-cycle ac or half-wave 60-cycle ac. The
sweep voltage in the load circuit also could be either full-wave or half-wave
60-cycle ac of controllable voltage. When the sweep voltage was half-wave,
it was 180° out of phase with the hali-wave voltages on the electrode heaters.

The Philips cathodes were operated at around 1200°C, and load
currents higher than 30 A were sometimes recorded. The collector temper-
atures were held such as to keep back-emission negligible, A typical
family of I -V characteristics is shown in Fig. 6 for a tube with 2.5-mm
spacing. From these curves the maximum load current IIE corresponding
to each auxiliary discharge current Ia is plotted as a function of the auxiliary
discharge current in the lower curve in Fig. 7. The upper curve in Fig. 7
is for a similar set of data on a tube with a 2-mm interelectrode spacing and
a larger emitter saturation current,

To 'compare these experimental data with theory, the theoretical
values of Irl?ax/la predicted for the experimental conditions are obtained by

means of eq. (18), which yiclds, for Ae = AC
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The following numerical values are introduced into these equations in

accordance with the conditions of our experiments:

v = 0,4

P.t 3 | = 0,8 Torr; P, = 3
{p ) {p T 5y ! for argon at a discharge

M voltage of 20V
ﬁz 270

€
T

-
!

= 500°K
PC
T, = 2000°K
T =~ 1000°K
pe
Ag =0.8cm2ford=2mm; lcmzford=2.5mm
A = 2

A =13 cm
e

A =0.16 cmz.
a

The value of £ implicitly taken above is substantially larger than
the distance between the auxiliary emitter and tlie other electrodes because

of random walk caused by elastic scattering of the auxiliary discharge
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electrons by the neutral gas. The mean free path for elastic collisions
of electrons at 20 eV with argon atoms at 0.8 Torr is indeed only about
0.2 mm, The probabilhity for an auxiliary discharge electron to make an
inelastic collisien thus is about unity, which is expressed by taking
pPiI = 1 with v = 0. 4.

The value o« T, ~ 2000°K is higher than the emitter temperature
Tc ~ 1500°K because of Joule heating of the electrons in the plasma,
which is consistent with eq. (25).

The values of P, = 3 and v = 0.4 were obtained frcm the data of
w. BIeakney"’7 and by tlhe extrapolatien of the data of M. J. Druyvesteyn
and F, M. F‘enning.s'7

The value Aa ~0,16 cm2 for the effective auxiliary emitter area
includes the sheath thickness and is an average value applying for a sheath
voltage of 20 V and a density between 1012 and 1013 ions/cm3, which is
the range of plasma densities corresponding to the experimental conditions.
(The area of the wire itself of the auxiliary emitter is about 0. 12 cm’l.)

The values used for the ion temperature Tpc and Tpe at the
collector and at the emitter, respectively, are somewhat more uncertain
and are educated guesses. They are taken to be about equal to the gas
temperature, which is assumed to Pe somewhat below the temiperature of the
closest electrode because the bulk of the gas is at room temperature. Thus,
with an emitter temperature of 1500°K, the ion temperature close to the
emitter is taken to be about 1000°K. The collector temperature being of
the order of 750°K in these experiments, the ion temperature Tpc close
to the collector is taken to be about 500°K, It is plausible that gas
temperature gradients do exist within the experimental device because the

neutral mean free path is much smaller than the distance between electrodes.

" It also is plausible that the ion and neutral gas temperatures are about equal

because the ion-neutral collision mean free path is much smaller than the
electrode spacing and because energy transfer in an ion-neutral collision is

quite effective due to the near equal mass of the colliding particles.
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The theoreti~al values of Irl?ax/la corresponding to Ia" 0 and to
IL = 1/2 Is are obtained using the above numerical values in the

preceding two equations, Thesu theoretical values are shown in Table I,
where they are also compared with the experimental values obtained from

the curves in Fig, 7.

TABLE 1
Comgparison of Theoretical and Measurzd Values of I;lax/la

Saturation Current Iq =10A I=18A
Electrode Spacing d'=2,5mm d=2mm

- max _ - max _ :
Load Current I and =0 | ["™"= 1/2 1, |1, 2ndI,~0 |1 "= 1/2 1)
Ifa"/xa (theory) 212 89 250 95
I7%%/1, (measured) | 240 90 400 180

Considering the uncertainty as to the exact values of v, T, Tpc and Tpe'
the agreement between theory and experiment for these important ratios
is seen to be satisfactory, thus supporting the theory developed above and
providing an adequate verification of eqs. (17) and (18).

It is seen from these results that high ratios of Irfax/la' and of
ILo/I:; are %o be expected in the opera,tion of the auxiliary discharge con-
verter® and are confirmed by experiments. It is seen,in particular, that

it is possible to obtaﬁn under practical conditions, with argon, useful lcad

minor modifications. It should account for the high values of
observed by Gabor in his device, without his speculation on hypothetical
reflections of siow ions from conducting walls.

*Thia same result applies to Gabor's auxiliary discharge con\fe?ﬁ;( with
L / Ia
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currents about 100 times larger than the auxiliary discharge current.
With the auxiliary discharge voltuge of 20 V used for argon, this amount~
to an auxiliary discharge power expendityre of the order of 0.2 W/A of
useful load current., With gases of higher atomic weight and lower ioniza-
tion potential, this auxiliary discharge power can be reduced further,
Earlier experimentslo performed with xeno:w show 2 reduction of 50%

of the auxiliary discharge power, in comparison with that needed with
argon, This indicates that an auxiliary discharge power as low as

0.1 W/A of load current is feasible.

Measurements of Plasma Resistance

These measurements have been performed with tubes identical to
those described above, except that the emitter~-collector spacing was
reduced to d = 1 mm for some of the resistance measurements., For
the tubes with d = 1 mm, the auxiliary emitter consisted of a number of
0.005-in, parailel tungsten wires, spaced 1/16 in, from one another,
loczted in the central plane between main emitter and collector, with
an effective emitting area of about 0.3 cmz; the gas atmosphere was argon
at a pressure of 2 Torr.

To obtain the plasma resistance Rp from the I-V characteristics,
use was made of eq. (10). This equation provides the reiation between
the current IL’ the voltage V, and the plasma resistance RP' but it has
the undesirable feature of including the difference (dc - ﬁe) between the
collector and the emitter work functions. In order to eliminate this
quantity (not directly measured in our experiments), it is possible to
consider dV/dl instead of V. Defining

kTe
Ve = ("‘—
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and differentiating eq. {10), with A_= A_, leads to"

SRRV SRS WA ) P SR
ar e \ T, T FTS L dI iy ILuL""+'T—)'P

(26)

where IPc = IPe = IP for Ae = AC. All the quantities in eq. (26) arc
directly obtainable from cur experiments, except the normalized electron
temperature V6 and the rate dRP/dIL. The normalized electron temper-
ature Ve could be .."easured by appropriate probes in the tubes, but this
has not bezn done yet. Howev:r, VE car be obtained in first approximation

by means of eq. (25):

kT, )
Ve = € EEe‘l-li'ILRP'
where
kT,
E, = —— = constant & 0.13Vfor T = 1500°K .
I;Rp = Vg .

The quantity dRP/dI in e<. {26) will be obtained from the theoretical curves
predicted by eq. (21}. Then, from eqgs. (25) and (26),

*This differentiation is performed in assyming that Ip is independent of I, ,
While this is not rigorously correct, this is an acceptable simplification
for the conditions to which this the>ry applies and for the experimental con-
ditions to be considered, i.e.,, when I; < I; and I 0< I, (1+Ac/AL). In-
spection of eq. (15) indicates that'undlé'r these condifions Ip is only a slowly
varying function of I; and that the above simplification appears admissaible,
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This equation will be used to obtain the plasma resistance RP from the
expeyrimental I -V curves like thcse shown in Fig. 6. These experimental
values of RP are then compared with the values predicted theoreticaily
by eq. {21). To use this latter equation, it is necessary to make the

substitution

where

d

A
c

and T, is used as given by eq. (25). Then, from eqgs. (21) and (25),

interelectrode spacing (2.5 mm or 1 mm)

i.3cm

d 0.67
R, = £ Q . (28)
P~ A TFI.931 R,

A comparison of the thesrctical values of RP derived from eq. (28)
and the corresponding =aperimental values of RP given by the I-V
characteristics and by eq., (27) is displayed in Fig. 8 for (Curve A) an
emitter-collector spacing of d = 2.5 mm, an auxiliary discharge current
Ia = 50 mA, and a saturatior emitter current Is = 10 A; (Curve B) an
emitter-collector spacing d = 1 mm, Ia = 120 mA, and Is = 35 A,

In view of the rather crude assumptions upon which the theory is

based, agreement between theory and experiment is seen to be adequate,
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III. Concl.sions

The above theoretical as well as experimental results indicate lhat
in the auxiliary discharge converters considered, a pla~-ma potential drop
VF; of the order of 0.2 to 0.3 V exists, at net emitter current densities
of 5to 10 A/cmz, with an emitter-collector spacing of 1 mm, The correspond-
ing auxiliary discharge power expenditure for approxirnately optimum load
current (IL:ILO ~1/2 Ir]:lax' in our experiments) is of the order of 0.2 W/A
of load current, with argen, for a favorable auxiliary emitter configuration.
With xenon, this should become as low as 0.1 W/A, corresponding to an
*quivalent loss of output voltage of pa'/IL-o =0.1 V. Assuming that none of
the ohmic el:ctron heating power fed into the plasma by the resistive plasma
potential drop Vp is recovered in the collector sheath (i.e., assuming
IL = ILo)’ the total pcwer expended in plasma heating and ionization then is
expressed by the sum of VP and Pa./ILo . The conclusion of our work so
far is that this sum can be held to approximately 0.3 to 0.4 eV, for net
emitter current densities of the order of 5 to 10 A/cm”, in the type of
auxiliary discharge thermionic energy converter which we have investigated.
This is an acceptabie value aad indicates the feasibility of this concent of

thermionic energy conversio..,
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Aggc ndix

For the sake of completeness, the equations derived from the
condition of conservation cf electrons and applicable to the potential
distribution of Fig. 3 are given below:

Equation (1) s replaced by

H Ve €n Ve
Ae Je‘ exp |- FT—- = Ae- + AC -1/ - {la)

in Vv
IL=-——‘4—-5AC. (2a)

Equations (3) to (6) remain unchanged; eq. (7) is replaced by

eq. (2a), which may be rewritten

IL = a_J (7a)
While the collector sheath potential does not appear explicitly in eq.

(7a), it still is determine? by eq. (7a) because JP€ is a function Vc.
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